Rich recirculation patterns have been recently discovered in the electrically conducting flow subject to a local external magnetic termed "the magnetic obstacle" [Phys. Rev. Lett. 98 (2007), 144504]. This paper continues the study of magnetic obstacles and sheds new light on the core of the magnetic obstacle that develops between magnetic poles when the intensity of the external field is very large. A series of both 3D and 2D numerical simulations have been carried out, through which it is shown that the core of the magnetic obstacle is streamlined both by the upstream flow and by the induced cross stream electric currents, like a foreign insulated insertion placed inside the ordinary hydrodynamic flow. The closed streamlines of the mass flow resemble contour lines of electric potential, while closed streamlines of the electric current resemble contour lines of pressure. New recirculation patterns not reported before are found in the series of 2D simulations. These are composed of many (even number) vortices aligned along the spanwise line crossing the magnetic gap. The intensities of these vortices are shown to vanish toward to the center of the magnetic gap, confirming the general conclusion of 3D simulations that the core of the magnetic obstacle is frozen. The implications of these findings for the case of turbulent flow are discussed briefly.
Introduction
A magnetic obstacle is a region in the flow of an electrically conducting fluid, e.g. liquid metal, where an external inhomogeneous magnetic field, B, is applied as shown in Fig. 1a . The region of the magnetic obstacle manifests itself through the braking Lorentz force, F L = j × B, originating from the interaction of B with electrical currents j. The electrical currents are induced because of the electromotive force arising when the conducting liquid moves through the region of magnetic field. The net effect is that the core of the magnetic obstacle is impenetrable to the flow, much like a foreign solid insertion.
Characteristics of the flow influenced by a magnetic obstacle are of considerable fundamental and practical interest. On the fundamental side, such a system possesses a rich variety of dynamical states [1] . On the practical side, spatially localized magnetic fields enjoy a variety of industrial applications in metallurgy, e.g. [2] , including stirring of melts by a moving magnetic obstacle (called electromagnetic stirring), removing undesired turbulent fluctuations during steel casting using steady magnetic obstacles (called electromagnetic brake) and non-contact flow measurement using a magnetic obstacle (called Lorentz force velocimetry, e.g. [3] ).
In this paper, the magnetic Reynolds number R m = µ * σu 0 H is taken to be much less than one where µ * is the magnetic permeability, σ is fluid electric conductivity, and u 0 and H are the characteristic scales for velocity and length. Therefore the induced magnetic field is expected to be much less that the imposed external magnetic field [4] , [5] , [6] , [7] . Under this constraint, the external magnetic field has the following twofold effect on a turbulent magnetohydrodynamic (MHD) flow. Firstly, the turbulent velocity pulsations are suppressed in the direction parallel to the direction of the external field, that is the turbulence tends to be more and more two-dimensional when the external field becomes stronger and stronger [8] , [9] , [10] . This is true for the system subject to a homogeneous magnetic field where the mean velocity is constant over the flow except for boundary layers. Secondly, when the external field is local in space, as it must be in the case of the magnetic obstacle, then the decelerating Lorentz force is higher in the center of the obstacle compared to its periphery. This creates a shear gradient in the mean flow velocity which generates an additional vorticity which then diffuses downstream and contributes to the turbulence. Therefore it is important to understand for practical applications whether the useful turbulence-damping effect of a magnetic brake is not obliterated by excessive vorticity generation in the wake of the magnetic obstacle.
In order to deal with turbulent phenomena one needs to know the averaged parameters of the flow. However to properly define, for instance, the mean velocity is not a trivial task in the case of a local magnetic field because various recirculation patterns are possible both inside and in the vicinity of the magnetic obstacle as shown below. So the first obvious step is to study a laminar flow around the magnetic obstacle before attacking turbulence subject to the local external magnetic field. On the other hand, as shown in this paper and elsewhere [11] , there is a similarity concept between a hydrodynamic flow around a solid cylinder and a MHD flow around a strong magnetic obstacle. This gives hope that numerous results for turbulent flows initiated by an obstacle can be projected onto turbulent MHD flows influenced by the local magnetic field. For instance, the vorticity generation by shear layer of a solid cylinder can be roughly perceived as similar to those in the shear layer alongside the magnetic obstacle. Thus, this paper is aimed to attract attention of researchers working on ordinary hydrodynamic turbulence to problems appearing in a MHD flow subject to a heterogeneous external magnetic field.
Studies of the effects of the magnetic obstacle on a liquid metal flow had been initiated in 1970s in the former Soviet Union by Gelfgat et al. [12] , [13] , and have been recently revived in the West by Cuevas et al. [14] , [15] , [16] . Among the above citations there were 2D numerical works related to creeping MHD flow, where a possible recirculation induced by the local magnetic was shown, see for example [12] , [16] , but where the physical explanation of the recirculation, as well as the generic scenario for the MHD flow around the magnetic obstacle, were obscured.
New results about the wake of a magnetic obstacle have been reported by [1] , [17] and the generic scenario has been elaborated in [11] . It has been found that a liquid metal flow subject to a local magnetic field shows different recirculation patterns: (1) no vortices, when the viscous forces prevail at small Lorentz force, (2) one pair of inner magnetic vortices between the magnetic poles, when Lorentz force is high and inertia small, and (3) three pairs, namely, magnetic as above, connecting and attached vortices, when Lorentz and inertial forces are high. The latter six-vortex ensemble is shown in Fig. 1b .
The goal of the current paper is to highlight effects taking place in the laminar Figure 1 . a -scheme of the magnetic obstacle created by two permanent magnets which are located on the top and bottom of the channel where an electrically conducting liquid flows. b -structure of the wake of the magnetic obstacle consisting of inner magnetic (first pair), connecting (second) and attached vortices (third pair). Dashed bold lines on b mark borders of the magnets.
flow around the magnetic obstacle when the interaction parameter N , which is a ratio of Lorentz force to the inertial force, increases. When N is very large, both mass transfer and electric field vanish in the region between magnetic poles. This region, hereinafter called the core of the magnetic obstacle, appears as if frozen by the external magnetic field, so that the upstream flow and crosswise electric currents can not penetrate inside it. Thus, the core of the magnetic obstacle is similar to a solid insulated obstacle inside an ordinary hydrodynamical flow with crosswise electric currents and without an external magnetic field. (This concerns hydrodynamics because there is no magnetic field, and the crosswise electric currents go around the insulated insertion without changing the mass flow.) Magnetic vortices are located aside the core and compensate shear stresses like a ball-bearing between the impenetrable region and upstream flow. It is worthwhile to notice that the core of a magnetic obstacle is not similar to a stagnant region appearing in the MHD flow subject to a fringing transverse magnetic field. The fringing field is nonuniform in the streamwise direction and uniform in the spanwise direction, while in the case of the magnetic obstacle, the external local magnetic field is nonuniform in all the directions. Effects of the fringing field on a duct liquid metal flow have been intensively studied before, see for example [18] , [19] , [20] , [21] , [22] , while those of the magnetic obstacle is a new research field [11] . It is trivial that in both cases the breaking Lorentz force is responsible for the phenomenon that the liquid metal flow vanishes in the space of the strong magnetic field. However, in the case of the fringing field the side flow jets are caused by a geometrical heterogeneity imposed by the sidewalls of the duct, and the stagnant region of vanishing flow tends to spread completely between the sidewalls. In the case of the magnetic obstacle, maxima of streamwise velocity appear in an originally free flow around the region where the magnetic field is of highest intensity, and the core roughly corresponds to the region where the magnetic field is imposed. The uniformity of the fringing field in the spanwise directions makes impossible recirculation in the M-shaped velocity profile, while magnetic vortices alongside a magnetic obstacle easily appear at moderate N [17] .
The structure of the present paper is as follows. First, we present technical details of the simulations: model, equations and 3D numerical solver. Then, we report results for the core of the magnetic obstacle obtained in a series of 3D simulations. As an extension of the presentation given in TSFP-6 [23] , we discuss also a 2D MHD flow and show the differences between 2D and 3D cases. A summary of the main conclusions ends the paper.
3D Model: equations and numerical method
The equations governing the motion of an electrically conductive and incompressible fluid are derived from the Navier-Stokes equations coupled with the Maxwell equations for a moving medium and Ohm's law. By assuming that the induced magnetic field is infinitely small in comparison to the external magnetic field, the equations in dimensionless form are:
where u is velocity field, B is an external magnetic field, j is electric current density, p is pressure, φ is electric potential. The Reynolds number, Re = u 0 H/ν, expresses a ratio between the inertia force and the viscous force and the interaction parameter, N = B 2 0 Hσ/(u 0 ρ), expresses the ratio between the Lorentz force and the inertia force. Re and N are linked with each other by means of the Hartmann number, Re N = Ha 2 , Ha = HB 0 (σ/ρν) 1/2 , which determines the thickness δ of Hartmann boundary layers, δ/H ∼ Ha −1 , formed near the walls perpendicular to the direction of the magnetic field in the flow under constant magnetic field. Here, H is the characteristic length (size), u 0 is the characteristic flow velocity, B 0 the characteristic magnitude of the magnetic field intensity, ν is the kinematic viscosity of the fluid, σ is the electric conductivity of the fluid, and ρ is its density.
At given Re, N and B(x, y, z), the system of the partial differential equations shown above is solved in a 3D computational domain to obtain the unknown u(x, y, z), p(x, y, z) and φ(x, y, z). The computational domain has periodical boundary conditions in the spanwise direction, and no-slip and insulating top and bottom walls (transverse direction). The electric potential at the inlet and outlet planes is taken equal to zero. For the velocity, the outlet boundary is force free, and a laminar parabolic velocity profile is imposed at the inlet boundary. We are interested in a stationary laminar solution, hence, the initial conditions play no role.
The origin of the right-handed coordinate system, x = y = z = 0, is taken in the center of the magnetic gap. The size of the computational domain is:
, H = 1 and x, y, z are respectively the streamwise, crosswise, and transverse directions.
The characteristic dimensions for the Reynolds number Re, and the interaction parameter N are the half-height of the duct H, the mean flow rate u 0 , and the magnetic field intensity B 0 taken at the center of the magnetic gap, x = y = z = 0. The range of the studied parameters is: Re = 0.1, 1, 10, 100 and 0 ≤ N ≤ 1000.
The external magnetic field is modelled as a field from two permanent magnets occupying a space Ω = {|x| ≤ M x , |y| ≤ M y , |z| ≥ h}, where M x = 1.5 (M y = 2) is the streamwise (spanwise) width of the magnet, and 2 × h is the distance between magnetic poles, h = 1.5. The magnets are supposed to be composed of magnetic dipoles oriented along the z-direction, therefore the total magnetic field B(x, y, z)
] is a field, at the point r = (x, y, z) created by the single magnetic dipole located in the point r ′ = (x ′ , y ′ , z ′ ). The integration can be performed analytically, see [17] , and after cumbersome algebraic calculations one obtains:
The normalization factor B 0 is selected in such a way to have the intensity of the z-component equal one, B z (0, 0, 0) = 1, in the center of the magnetic gap. Three-fold summation with the sign-alternating factor (ijk) reflects the fact that these equations are obtained by integrating over the 3D box Ω. Different cuts of the intensity B(r) are plotted in Fig. 3 and Fig. 4 (b) in the paper of [17] . The 3D numerical solver has been explained in detail earlier, see [24] . It was developed from a free hydrodynamic solver originally created in the research group of Prof. M. Griebel ([25] ). The solver employs the Chorin-type projection algorithm and finite differences on an inhomogeneous staggered regular grid. Time integration is done by the explicit Adams-Bashforth method that has second order accuracy. Convective and diffusive terms are implemented by means of the VONOS (variableorder non-oscillatory scheme) method. The 3D Poisson equations are solved for pressure and electric potential at each time step by using the bi-conjugate gradient stabilized method (BiCGStab).
The numerical grid was regular and inhomogeneous, N x × N y × N z = 64 3 . The minimal horizontal step size in the region of the magnetic gap was ∆x ≃ ∆y ≃ 0.3, which means that a few dozens points were used for resolving the inner vortices in the core of the magnetic obstacle. The minimal vertical step size near the top and bottom (Hartmann) walls was ∆z = 0.005. This corresponds to using three to five (= (1/Ha)/∆z) points to resolve Hartmann layer at Ha = 40 − 70. To ascertain that the numerical resolution was adequate, a few runs were performed with double the resolution and no differences have been found.
3. 3D results [11] The goal of the simulations is to focus on the flow around a magnetic obstacle at large interaction parameter N . In order to achieve large N = Ha 2 /Re, the simulations were started at a small interaction parameter and Ha was smoothly increased, while keeping Re constant. Several values of the Reynolds number were studied, Re = 0.1, 1, 10, 100, and no principal differences were found at the same N . These low values of Re imply low inertial forces, therefore, only two-vortex patterns were produced, without connecting and attached vortices.
In this Section, results are shown for the mid central plane, where all vortex peculiarities can be distinctively visualized. Nevertheless, it is necessary to note that the flow in the mid plane is not two-dimensional. There is a secondary flow from and into the mid plane towards and from the top and bottom walls. This secondary flow is caused by the process of creation and destruction of the Hartmann layers. 3D pictures of the vortices have been drawn before [17] and will not be considered here.
The natural way to visualize the core of the magnetic obstacle is to plot streamlines of the flow in the central horizontal plane as shown in Fig. 2 at different interaction parameters N . Because N is the ratio of the Lorentz force to the inertial force, the larger N is, the stronger the retarding effect of the Lorenz force becomes. So, one observes no vortices at N = 5, Fig. 2a ; weak circular magnetic vortices first appear at slightly below N = 10, as shown in Fig. 2b ; and finally these vortices become well developed and strongly deformed at very large N = 640, Fig. 2c . In the latter case, the vortex streamlines envelop the bold dashed rectangle. This rectangle denotes the borders of the external magnet; inside the rectangle at large N one can see an island -the core of the magnetic obstacle. The observed deformation of the vortices and their drift from the center of the magnetic gap are due to the tendency of the flow to reduce the friction caused by retarding Lorentz force. The vortices are cambered and located in the shear layer alongside the magnetic gap in such a way that their rotation looks like the rotation of a ball-bearing inside the wheel.
The quantitative analysis of the core was performed by crosswise cuts through the center of the magnetic gap at different arising magnetic interaction parameters N . These cuts are shown in Fig. 3a for the streamwise velocity u x (y) and in Fig. 3b for the electric potential φ(y). First, we discuss how the streamwise velocity changes as N increases.
As shown in the Fig. 3a (curve 1) , for small N = 0.1, the velocity profile is only slightly disturbed with respect to a uniform distribution. As N increases, the curves u x (y) pull further down in the central part u center ≡ u x (0), see for example curves 2 and 3. At N higher than a critical value N c,m , i.e. for curve 4, the central velocities u center are negative. This means that there appears a reverse flow causing magnetic vortices in the magnetic gap. When N rises even more (see curves 5 and 6) the magnetic vortices become stronger and simultaneously shift away from the center to the side along the y direction, see insertion in Fig. 3a for curves 5 and 6. Fig. 3(b) shows how the electric potential φ(y) varies along the central crosswise cut through the magnetic gap. The slope in the central point is the crosswise electric field, E y,center = −dφ/dy| y=0 . One can see that E y,center changes its sign: it is positive at small N and negative at high N . To explain why it is so, one can use the following way of thinking. Any free flow tends to pass over an obstacle in such a way so as to perform the lowest possible mechanical work, i.e. flow streamlines are the lines of least resistance to the transfer of mass. The resistance of the flow subject to an external magnetic field is caused by the retarding Lorentz force F x ≈ j y B z , so the flow tends to produce a crosswise electric current, j y , as low as possible while preserving the divergence-free condition ∇ · j = 0. To satisfy the latter requirement, an electric field E must appear, which is directed in such a way, so as to compensate the currents produced by the electromotive force u × B. Next, we analyze the crosswise electric current j y = E y + (u z B x − u x B z ). Due to symmetry in the center of the magnetic gap B y = B x = u y = u z = j y = j z = 0, so j y = E y − u x B z . This means that E y tends to have the same sign as u x in order to make j y smaller. At small N , the streamwise velocity u x is large and positive, so the electric field E y is positive too. When the magnetic vortices appear, there is a reverse flow in the center. Therefore, the central velocity is negative now, and the central electric field E y,center is also negative.
The change of the electric field in the magnetic gap can be explained in terms of the Poisson equation and the concurrence between external and internal vorticity, see [17] . Those arguments are also valid here, however, in contrast to the previous study, we have no side walls now, so the external vorticity in the present case plays only a minor role. As a result, the reversal of the electric field appears at a small N (approximately equal to five), which is close to κ = 0.4 given in [17] .
The overall data about u center and E y,center in the whole range of N studied are shown in Fig. 4 . One can see that both characteristics start from positive values, then, they cross the zeroth level, reach a minimum, go up again, and finally vanish in the limit of high N . With respect to the streamwise velocity, this means that, at hight N , there is no mass flow in the center of the magnetic gap; the other velocity components are equal to zero due to symmetry. With respect to the crosswise electric field, this means that there are no electric currents. This occurs because there is no mass flow, therefore, the electromotive force vanishes, E y goes to zero, and the other electric field components are equal to zero due to symmetry. Thus, one can say that the center of the magnetic gap is frozen by the strong external magnetic field, so that both mass flow and electric currents tend to bypass the center. In other words, this means that a strong magnetic obstacle has a core, and such a core is like a solid insulated body, being impenetrable for the external mass and electric charge flow. When the inertia and viscous forces are negligible compared to the Lorentz force and pressure gradients, then mass flow streamlines must be governed by the electric potential distribution, while the trajectories of the induced electric current must be governed by pressure distribution. This is derived straightforwardly from equations (1 -2). Because inertia and viscosity are vanishing, equations (1 -2), in the core and nearest periphery of the magnetic obstacle, become:
In the latter formula, j ≪ ∇φ and u × B is the dominating term. In the core of the obstacle, B = (0, 0, B z ) ≈ (0, 0, 1), hence, the pressure (electric potential) is a streamline function for the electric current (velocity), see Fig. 5 . These relationships for the flow under the strong external magnetic field had been discussed earlier by Kulikovskii in 1968 [26] . Kulikovskii's theory is linear, therefore, it must work well in the stagnant core of the magnetic obstacle. The traditional approach in the context of this theory is to introduce the so-called characteristic surfaces, and then, to impose Hartmann layers as boundary conditions for further integration along the characteristic surfaces. Such an approach has been used before for slowly varying fringing magnetic fields [19] , where Hartmann layers and the inertialess assumption are reasonable. However, it is an open issue whether the concept of the characteristic surfaces is valid for the case of the magnetic obstacle. For perfectly electrically conductive liquids this concept forces mass and electric streamlines to flow along the surfaces of constant B. The latter is the conjecture of (5) and is observed actually in Fig. 5a , b far from the core of the obstacle. Nevertheless, the concept of the characteristic surfaces does not allow for any recirculation in shear layers, what is the most remarkable effect here.
A magnetic field in a rotational flow requires more sophisticated boundary conditions than just the Hartmann layer. There is known a solution for the EkmanHartman layers [27] , where both constant rotation and constant magnetic field are taken jointly into account. This probably does not fit the present case either, because the vorticity is not constant along the transverse direction, and the shape of vortices is not circular. Moreover, inclusion of the non constant vorticity destroys the linearity of Kulikovskii's theory. Therefore, Kulikovskii's theory could not be used as it stands to predict recirculation a priori. Indeed, this explains why the theory has not been applied to magnetic vortices, even though it has been known for a while. Nevertheless, Kulikovskii's theory is useful and must be mentioned because it explains a posteriori the shape of vortices and their matching to electric potential lines.
2D creeping flow around magnetic obstacle
It is interesting to compare our results with those reported earlier by Cuevas et.al [16] for a creeping 2D MHD flow. In particular, these authors observed not only two magnetic vortices, but four vortices as well as, aligned in the spanwise direction at high Hartmann numbers, see Fig. 9 of [16] . The four-vortex aligned structure has been missed in our 3D simulations, therefore to get insight about it, we have performed our own 2D simulations with the same parameters for the magnetic field M x = 0.5, M y = 0.5, h = 1 (our formula for the field (5) coincides with Eq. (31) of [16] ) and Re = 0.05. To gather more information, we explored the larger Ha range, 0 ≤ Ha ≤ 150. A 2D finite element method 1 was numerically employed to solve the vorticity-stream function formulation of steady-state Navier-Stokes equation with the Lorentz force. Electric currents were calculated from the magnetic induction equation. Generally, the obtained 2D results coincided with those from [16] and also extended them as reported below.
The main curve of our 2D results is presented in Fig. 6 . It shows the dependence of the velocity in the center of the magnetic obstacle as a function of Ha number. (This is similar to Fig. 4(a) with the difference that the x-axis corresponds to Ha instead of N .) One can see that u center vanishes as Ha increases, i.e. mass flow disappears in the core of the obstacle as the intensity of the magnetic field gives rise. Therefore, the principal conclusion derived from 3D results remains valid: there develops a frozen core of the magnetic obstacle when Ha is large. However, the details of the to approach zero-level values for u center are different in 2D case relative to the 3D case. To stress this fact, we zoomed the curve in Fig. 6 and put it as an insertion. One can see that in the 2D case u center vanishes with oscillations, while in the 3D case, see Fig. 4(a) , it was always negative as it approaching the zero level.
To consider in detail the different flow regimes shown cumulatively in Fig. 6 , we have labelled the turning points, where u center changes its sign, with the letters A,B,C. Figures 7-9 illustrate below three nontrivial flow regimes through two plots: the streamwise velocity profile along the central spanwise line, x = 0, and flow streamlines.
The first regime, corresponding to the Ha range from zero up to the first turning point, A, is characterized by a weak breaking Lorentz force. There is no recirculation, so we have considered this regime as trivial, and did not illustrate it further by any figure. It is marked as regime I and represented by Fig. 7 in the paper by Cuevas et al. [16] .
The second regime is for the Ha interval between the first turning point, A, and the second, B. It is characterized by a Lorentz force that is already strong enough, to reverse the flow between the magnetic poles. This results in two magnetic vortices as illustrated by Fig. 7 of the current paper and Fig. 8 of [16] . These vortices are analogous to those in 3D results, with the difference that in the 3D simulation the flow particles captured by the magnetic vortices move helically towards the top and bottom walls to dissipate upstream kinetic energy [17] , while in the 2D system they always follow rotation along closed contour lines of the stream function.
In the third regime, for the Ha range between turning points B and C, the reversal of the upstream flow occurs in the shear layer rather than in the center of the magnetic obstacle. This can be explained by the fact that, at these Ha, the flow in the core is hindered, and the shear layer between the core and the bypassing flows is large to accommodate magnetic vortices. When this happens, the requirement of flow continuity, ∇u ⊥ = 0, turns the velocity in the center of the obstacle to positive values. As a result, the four vortex, aligned along the central spanwise line, appear as shown in Fig. 8 (see also Fig. 9 of [16] ).
When Ha increases further, after the turning point C, the shear layer is extended further as well. So the whole elongated vortex structure increases in length, and two vortices, that were closest to the center of the stagnant core, are pushed out from the core. Again, to satisfy flow continuity this initiates the weaker counter-rotating vortices in the core. In this regime, there are altogether six aligned vortices shown in Fig. 9 . This recirculation pattern is new and has not been reported earlier. Now, we can offer the following qualitative description of the creeping 2D MHD flow around a magnetic obstacle. As Ha increases more and more, additional vortices appear in the expanded shear layer. These vortices have decaying intensity towards to the magnetic gap and are alternating-signed, starting from the very first vortex, counted from the bypassing flow, where the flow is reversed. This results in vanishing velocity oscillations in the center of the magnetic gap, Fig. 6 .
The question arises whether the aligned multi-vortices appear in a creeping 3D MHD flow. In the latter case, the largest N under consideration was 1000 and two magnetic vortices were observed only. The four-vortex aligned structure that was clearly presented in our 2D results, occurred at Ha ≈ 50, which corresponds to (Re = 0.05) N = Ha 2 /Re = 50000, much larger than the maximum N = 1000 used in the 3D simulations. On the other hand, the velocities are of magnitude 10 −3 − 10 −2 at the center of the magnetic gap, so one would have to employ a very accurate 3D numerical code to verify the effect discussed.
Physically, the crucial difference between 2D and 3D vortices is the secondary flow in the transverse direction. This dissipates kinetic energy of the upstream flow inside viscous boundary layers located on no-slip top/bottom walls of the duct. On the other hand, the secondary flow variation, ∂ z u z , is a mass source/sink adjusted to keep flow continuity, ∇ ⊥ u ⊥ = −∂ z u z . Obviously in 2D cases, the dissipation by the secondary flow is absent and the flow is obliged to satisfy 2D continuity, ∇ ⊥ u ⊥ = 0. Then, the possible way to dissipate energy and the flow be continuous in 2D is to create a weaker counter-rotating vortex nearby a strong vortex, the phenomena observed in Fig. 8 and 9 .
5. Core of the magnetic obstacle and controlled production of vorticity.
It is worth to discuss how a magnetic obstacle can be used to control vorticity and turbulence. On the one hand, the magnetic field damps turbulent pulsations in the core of the obstacle by freezing any kind of mass and electric transfer. On the other hand, the shear layer between the core of the obstacle and the rest of the flow generates a transverse vorticity. The results presented herein were obtained at low Re numbers, and all the vortices were confined in the shear layer. However, it is possible to imagine the following two scenarios. The first situation is to destroy the initial core by increasing the Re number, that is by turbulating the flow, at fixed magnetic field parameters; and the second situation is to increase the magnetic field strength so as to manifest the core, that is to laminarize the core, while the Re number remans high and the rest of the flow is turbulent.
In the trivial turbulating scenario, the interaction parameter N = Ha 2 /Re is initially high because of the Re number being low while the Ha number is moderate 1 Then, one increases the Re, which could be equivalent to increasing the inlet flow rate. Obviously, since Ha is fixed, a higher Re implies a lower N , hence, the core of the magnetic obstacle becomes more penetrable, so the lateral magnetic vortices will shift toward each other due to the unfreezing of the core. At some threshold Re number, when the inertia of the flow becomes sufficiently high to produce a stagnant region behind the core of the obstacle, one will have to observe the six-vortex pattern shown schematically in Fig. 1 . Then, an even higher Re number will result in the detachment of the attached vortices (the third pair of vortices in Fig. 1 ) which is analogous to the classical process of the detachment of the attached vortices past solid cylinder [11] . Finally, at the highest Re, the interaction parameter N will become so small that the internal recirculation structure of the magnetic obstacle will disappear, and the flow will become turbulent as in the ordinary hydrodynamics.
In the laminarizing scenario, by taking initially a high Re number and keeping it fixed, one increases the Ha number by imposing, for instance, an external local magnetic field with higher and higher intensity. This increases the interaction parameter N , so the core of the obstacle must manifest itself by first showing the same six-vortex recirculation as aforementioned. In practice however, it might be difficult for all six vortices to be stable at very high Re, because in this case the rest of the flow is turbulent, so the wake of the obstacle oscillates and can potentially destroy the stability of the connecting and attached vortices (the second and the third pair of the vortices in Fig. 1) . Nevertheless, the lateral magnetic vortices (the first pair of the vortices in Fig. 1 ) must manifest themselves clearly at any Re provided that N is large. These vortices will be distinctly seen at the beginning of the turbulent wake. A further increase of the Ha does laminarize and freeze the core of the obstacle. The magnetic vortices move away from each other and adjust their position in the lateral shear layers. Owing to the high Re number, the recirculation confined in the shear layer possesses an excess amount of kinetic energy that is dissipated downstream in the wake of the obstacle.
In the case of a solid obstacle one has little control over the shear layer at high Re because there is one parameter only, i.e. Re. Also, the solid obstacle is impenetrable and could not fit itself to the flow. In the case of the magnetic obstacle one has an opportunity to govern the detachment process because there are two additional parameters at a given Re: the Ha number, for instance, the magnetic field intensity controlling the degree of permeability of the magnetic obstacle; and the degree of lateral heterogeneity of the external magnetic field controlling the width of the lateral shear layer. Thus, a controlled intensity and shape of a magnetic obstacle is a model lab to produce and study vorticity generation and turbulent phenomena.
Conclusions.
3D numerical simulations are reported for a liquid metal flow subject to a strong external heterogenous magnetic field. The simulations shed light on the process of formation of the core of the magnetic obstacle when the interaction parameter N is large. The core is surrounded by deformed magnetic vortices located in the shear layer. Inside the core, there is no mass and electric transfer, i.e. at high N , the magnetic obstacle is analogous to a solid hydrodynamical obstacle.
The series of 2D simulations for a creeping MHD flow demonstrated that there still exists a weak recirculation in the stagnant core in 2D cases even at very high Ha. The flow regime can be represented as an elongated recirculation composed of many (even number) sign-alternating vortices aligned along the line crossing the center of the magnetic gap in the spanwise direction. The intensity of vortices vanishes by approaching the core of the magnetic obstacle, therefore, the principal conclusion derived from 3D results remains valid: there develops a frozen core of the magnetic obstacle when Ha grows toward infinity. By studying the characteristics of magnetic obstacles in laminar flow, we have been able to provide conjectures on the formation and destruction of magnetic obstacle in turbulent flow.
